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11 I alms as div(vw  as 14hrtlI  rcIIIotc! scllsil Ip,, astloIIc)IIIy,  aII(] IIlcdica] ill)agillp,l t])crc ]Ias i)ccII aII cxl)losivc gIowt}I
ill tlI(! allloulIt  of il[lagc data availal)]c for crcatil)~, (Iigilal  ilIlilgC lil)l arics. IIcm’cvw  , tll(: lack of auto~natc{]  analysis
and U,scful  rdrieval l])ct,l)ods  st, and ill t,llc w;i. y of (t cat illp, t,l IIC (Iigit, al i]]la~,(~ li l)] aI iw. 111 01’(1(!1’  to ]K!rfm  Ill qucl j’-
by-coIILcuIt, tyl)c  smIdIcs, t] IC qucl.y fol Inulatioll  ]Irol.IlcIII  II(WCIS to he a(ldI w+(I(I:  it is oftrll  Imt ])ossib]e  for users
to fol lnulatc! t,ll(! twgd,s  of tllcir scad)cs i) I tc!)lns of (jucrics, M’c ] )rcsmlt, a ]Ial u I al al Id ])owcrfu]  a] )]moac]l  to this
l)roblcnil  to assist, Sciclltist,s ill cxj,loril}g  lar~)c (Iigit,al ill,a[;c lil)l al its. WC t al F,C1 a systull that {IIC user t!”aills to fiIId
C.crlaill ])attcr]]s  l)y ])rovidi]lg  it, with cxaIII])lcs.  ‘J’IIc  lca~ )Iillg algol itll)ns use tlIc t] aillillr, data to I)ro(]ucc classifiers to
dctcd and idc~ltify oL]lw targets i)] t,lIc ]arp,c ililap,c co]]cctioll.  ‘J’)lis forlns t]lc lmsis for query  ljy co IILcnL ca])a}.)i]itics
and for library illclcxil)g I) UI])OSCS.  WC gIou I Id tf)c discussio~l  l)y ])] (:scvltill!, two sucl I a])l)]icatiolls at J] ’1,: tllc SK ICA’I’
systmn used fcw illc rcduct,iol]  and a]lalysis  of a 3 t,cq a\J~((, ast,l mlolni(. al data set,, an(l t,]Ic JAl{t,ool systc]n to bc used
ill aoto]natical]y  alla]y~,illg tfic Ma!,dlall  data set unlsistinp,  of ovw 30,()()0 illia!,cs c)f t]lc surface of Vcnlos.  C;c)lcral
issues w]}ic]l iln])act  t]lc a]q)licaticnl of ]canlillg  algorit]ll[ls  to ill~;lgc allal-ysis  a])]]]icatiolls  a]c  discussed.

Keywords: lnac]lillc  lcarllillg,  ])att,cr~l rccogllitiol), ao(mnatcd  data analysis slid adlival, large irnagc dat,abascs,
q(lcl”y I )y Colltc!llt.
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tc!dll)o]ogy  ]Ias UIICICI F,OIIC  tI cIn(:IIdous  illl])ro~’c!lllcllts ill I C!cmlt  ycal’s. ‘J’lIc!  vast atnoul)t,s  of
ill tllc forlll of dip,ital ilnap,u liljralics,  arc  ]Iot(mtial t] casuwt,rovcs  for scim]tific  ilwcstip,at,ioll.

iIIc] atlalysis.  ~]llfort(lll:itcly,  adva IIccs ill OUI ability to (ical wit,])  this  VOIUIIIC  of (lat, a ill all cfl”cctivc lna~lllcx lmvc I]ot
l)alalldcxl  tllc IIardwal(, F,aills ill storq,c t,cc])llolop,y  all(l data gat)imirlg  illst,l oli[cllts. Wllilc sl)ccial-l)tlr])os(:  tools for
lmrticulal a],],licatio]ls  exist,, ]Io ~,c]lclal-])~jll,osc sof(,u,al(  tools all,] al[;orit]lllls  V,]]ic]l call assist a scimltist  ill C:xl)lc)rillg
l a r g e  scimltific il[)agc liharics ar(: avai]al.)lc.  ‘J’llis ])a]m Imescllts O(1I  ICCeIIt  l) Io~,I  (:ss ill dmdol)illp,  ilkmactivc sclni-
aUtOlllatd illla~~ ]ibl’al’y C! Xl)lOI’atiOIl  tOC)]S  baSC(l 011 ])atkl 11 I’(TOF,llitiOll  WI(]  IIla(’llill(! l~al’llillg  tdllli(]ll~s. ‘J ‘w)
S(lccc!ssful aI)])]ic.atiolls at, J])],  wj]] I)c USCC1 to F, IOUII(]  tllc C]isc(lssioll  :111[1 ])oil)(,  ()[it, tll(! ])owclf[ll ilnl)act  SUC]I  lcarlling’,
tools call llavc. WC thcll  ])rocd to discuss tile gcIIm al ])] oblcIII of autmnatcd ill}a[;c libla)  y cxl)loratioll,  tllc ])ar(icular
aSlx!CtS  of ilnagc  dat, al)ascs wllicl~ dist$illp,uis] I tllmll frc}l{l ot,flcl (1 at,almscs, :U Id 1 IOv,,  t,llis ill]]):ic.ts LIIc a])})lic.atioli  O f
Ofl-tllc?-sllclf  lcaniillg  algoritllllis  to Imol.)lm[)s of t,l~is )lat (lrc.

WC al c dcwclo])illg  tools tll:it, call bc traillcd  l)} exalll])lc  to cx(:cul,c diflicult qum y-ly-colltmlt tyl)c tasks 011 lalg~
i)l~ap,~ database.s, A sc.icl~tist  })mvidcs  t,raillillf, Cxallll)lc,+ 1)}, Iocatil Ig call(li(latc  t aIr,Ct,S w,it]lil] alj illla?,c 011 the SC.KW\.
‘1’llc ICalllill!, algorit,l]llls usc t,ltc t,rail]illg data t,() ])rodu(;  a clas+ificl t,]lat w,ill (I(,tccl all{l ic]cll(,ify Otlicr t,argcts  ill
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a larf,c library of Silnilm ilnar,cs. ‘J’lIc  scicllt,ist,  call thus  custo1ni7c  tlIc tot)] to s(,af ()] for o~tc tylm of visual fcat,urc
versus  allotllcr  silnl)ly by l)rovidillg ])ositivc alId lk(:,gal ivc CX:LII1]  I]CS. ‘1’llis is a lloll-illtl(lsi~c  ]nctf)od ill tllc scnisc
tflat it wil l  IIot rcquim  t,l Ic scic]lt,ists  to ]N]fo]]n  allytl]i]lg diflcr(llt  frolll wllai  tllcy [10 Ilow; tflc task is  silllIJly  to
cxalnillc  all ilnagc  and dctcrlnillc  ol)jccts  of  illtcrcst  witllill  i(. Such a too] cal i bc USN{  to ]mvigatc  tllroup)l  l a r g e
digital lilmarics to ]wforll)  illlagc analysis, cataloging  d ilnaf~c c~nlt,(:llt,s ,  and Ijlowsillg Iy Slmcifying cxalll])lcs. III
additiol]  to automating labcwious  a]ld vis~lall}~-illtcllsiv{: tasks, it ]nwidcs tllc IIIWUIS  for all ol)jcctivc,  cxamillablc,

. .
and l’C,])(!  ata] )]C.  ]) IOCX!SS  fOl dCt Cdlllg ~Ll I(] C] WSlfLyl  Il~, [)]).l(’(”t S 11 I 111 I ii~~.<.

1.3 ‘J’IIC!  Quc!ry  l“olmlulation  l’rol )lc!m

Wcmk  011 tdllliquc!s fo r  d ig i t a l  liln arim  lias f(]c.usd lnainly 011 diF,iti7jati(Jll tdllliques, stolagC alld I’dri[!vd
IIldlallislns, aJId database ty]m issues dcalillg  wit]!  dlicicl]tl illdtxillg  and que]y cxcmtiml. We bclicvc  tllcm is all
i]n]mrta]lt  and c ruc ia l  ]HWI)ICIII  t])at  I)cds !0 I)c addnwwl  l)cfo] c collcctio]ls of di~,ital i]nap,m  cal I IIC tulllml  illtjo
uscjd  digital  lihrnrics,  ~lalndy tlIc qIIcry fo]ll)ulatioll  ])J oblmn. Ilscrs  would like to lJC al,lc to U S C! a digital ilnap,c
lilmary to scarcll  for l)al titular ])attcrlls  for catalo~,il)g o] iil~csti~,:iti~’t: ])UI ]msm, A tyI)ical query would bc solnctllilig
liliC: “in 11OW lllally illla~,cs does tfiis I)attc] ft o c c u r ? ’) or “(atalo~, all occa]  I c]ic.cs al)d siz.cs of ol)jccts  ill ilna?,cs
satisfying cerlaill  cmlditions. ” Unfortullatcly,  ul}likc tllc Case wlItLrc  ollc is dcalillp, witfl a rclatio]lal  dataljasc or tflc
tmt of a I)ook, tlllcrc is ]lo cvwy way for the user to forlllulatc  tilt rc(juil d qtm~’.

Wc ]wo])osc  all a])l)roacll  that calls for dcvclol]ill~,  a systcrtl Lllat Icarlts ftolll cxaIIIIJlcs.  IIcJIcc r.atJ)m Lllall issllillg
qumics,  tllc u s e r  siln])ly ]movidcs trailiillg  cxaltll)lcs a]ld t,llcn :tsks tllc systcl[l !0 ‘( fi]id all ol.)jcc(s that look like
this.” ‘J’IIc  a])]noacll lmcnniscs  to by])ass tlIc quo  y fo] Inulatio]l bottlmlrck  ill tllc w a y  IIumal]s  currclit]y  illtcract
wit][ large databases. For ]aost  illtmcstillp,  taSli!: of i) I Iagc ana],ysis, fm II Iulatil)g queries tc) slmcify a sctl of target
ol)jccts/rcgiolls  rcc]uims  solving difficult, ]nol)lc]ns tliat oft,cl) ill\dvc cflcct ivcty tl anslatitl.g lluma~l visual itltuitiori
into  ])ixcl-level algoritlllnic  constraints. ‘J’l)is is a fail ly cl IallcI ,gil]g ta.~li ill its OW1l r i gh t . Quc:ryil!g a database
l)y l)mvidillg  cxalnl)lcs  and coulltcl-cxalll])lcs  fol ]]IS a IIovcl slid lmwcrf~ll ba-qis fo] a ]lcw generat ion of  illtclligcllt
datalm.w  it Itcrfacc tools. ~ ‘I)csc tech, ca] )al )lc of ])c] forlnillg ‘(lpcl’y  I)y Collt(!llt!” ty])c ol)cratimls  on large ilna~,c
datlalmscs, ])rolnisc a fulldalacl)tal  ])aradi:,ll i s] lift of t,llc illtcl fam bclwcm I scicl It isLs and ilnagc clatal)ases,  and could
enable Orders of ~nagnitude  iln]movcmcl)ts ill l)oth the quantity and quality of scientific al~alyscs  of cligitizcd image
liljrarics.

‘J’o glound  tllc discussion, wc ]wovidc  two ill~lst 1 ativv cxaln])lt:s  of CUI Ic]lt I,] ojcds at J]’], involving tllc dcvclol)-
Inclltl of image cxl)loration  algoritfihs allcl tools wit]]  l]uilll-il] Cl:lssificatiml ]ca] )Iillg colnpollc]hs.  We first  introduce
tllc SI<ICKJ’  systcnn used to autmnaticall y golcratc a lal gc c.c)l~~])rcllcllsi~fc!  sky ol )jcct catalog from a set of sky survey
ilnagcs  at a lnajor a~tronolnica]  ohcrvatory.  ‘J’IIc  scco~ld systcln,  called JAJ{tool, is ilitc]lclccl for usc o]) tllc Magcllan
Col]cctioll Of over 30,000 SAlt  ilna.gc!s of the surfac.c of Vwlus. I]otll  systclas  IISC Iaac]li]]c  ]caming  tCC~llli(lUCS  allcl atf!
traillccl  by tllc scientists to ]mrforln  tlm alldysis ~wrk. ‘J’llc S1< l(~A~’ mutts dc!lnmlstratc  how I)owcrfu]  a learning
systcm  call bc, rcsultilig  in ])crfonnallcc  that cxcccds that of l~umali asb  o]imllcrs ill rccoglli~,illg faint  sky objects.
‘J’lIc  lm]mr Cmicludcs  wit]) a gcn]eral discussions of Ical ]lill~ ill digital ilna?,c lil)l arics  al]d tlic sl)ccial aclvaI)tagcs and
cllallc]igcs that ilnagc  databa~cs  ]novidc.

2  CASE STUIIY 1 :  TIH; SKl(~Arl’ SYS’IIBM

‘1’IIc Sky IIllagc (;atalogilig  a]icl Analysis  ‘J’ool  (SK1(:A’J’)  Ila$. l)CCI1 dcvclo]wd  for usc 011 tllc i~nagcs resulting froln
tllc 211d l’alm[lar  Obscrvatory  Sky SuIvcy (1’OSS 11) cmldudcd  I)y the Califol liia IIlstitutc of ‘J’cdIIIology  (Caltcc]l).
“J’l)c ])lmtogra])llic.  ])latcs am digit,izd at tllc S]mcc ‘J’dcscolw  Sci~n]cc ]Ilstitutc, 1 Csultillg ill shout 3,000 digital ilnages
of 23, 040” x 23, 040 ])ixds  cacll, totallil~r, ovcq tllrcc  t,t!) al)yt,cs  of (i.at,a.  \V]IQII collll)]ct,c;  t,]lc SUrVCy will COVCI the cl)tirc
Iloltllcrll  sky ill tllrcc colcms, clctcctlillg virtually cv[:]y  sky objcc.t dow]i  to a 1) IIlap,llit,udc  of 22 (a IIorlnaliz,d  ]nccasul’(!
of ol~jcct lniglltllcss). ‘J’llis  is at lc!ast OIIC  ]nagnitudc  fainter tlla]] ])rcviolls HmIIEiI  al)]c ])]lc)tc)p,]al)llic surveys. WC
cstilnatc that, at least 5 x 107 galaxies a]l(l 2 x 10(’ st(,llar ol)jcc[s (il)cludillp,  (wv 10F’  qllasars)  will I)c dctcctcd.  ‘J’his



data set will lJC t,lIc ]uost colulnlhnwivc la] gc-scale ilnagins  survey ]moduccd  to {Iatc a]]d will Ilot bc surj)asscd  in
Scolm ulkil  t)lc C,om])lctiml  of a fully digital all-sky survey.

‘1’llc lmr])osc of S1{l  CArl’ is to facilitate t,llc cxt~ action  of mcallillgf~ll illforl[tat ic)ll fl mu SUC.11  a large  database in au
cf[icicvk  and tiluc]y  lnal~llcr. ‘J’lIC first sLc1)  ill allalyzil[g t]lc rcmlts of ZL sky survey is 10 id(!]ltify,  !ncasurc,  and catalog
tlLc dctcctccl  obj(!cts ill tllc ilnagc  into  tllcir  rcs])cctivc classes. OII(c  tllc ol.]jcch Ilavc I)cc]l classificcl,  further scicatific.
a]lalysis  call lnocccd.  For cxalll]dc,  tl]c resulting catalog laay  bc usctl to test IIlodcls  of tllc forlnatio]l  of latgc-scale
structutc in tllc ullivcrsc,  lwobc Galac~ic struc(,  urc frolll star cmuts, IN] folllt a[lt ol]lat ic idm)tificatiom  of radio  or
illfrarcxl sourcm,  al)d so fcmtll. I I ,~~,~7 ][~d[~~illp, t,]l~ i]llag~:s tcI c.atal{~g  c[lt,rics  is all (~~,crmrl]c,llllill~,  task wllicll illl]crcntly

requires all autmnatcxl  a])]) roach.  ‘J’lic goal of this ])rojcct  is to ~LUtOIUat(! this ])] ocms, ])roviclillg  a consistclltl and
ulliforlu ]]](!tllodology for reducing tllc clata sets. ‘J’llis will ]movi(ic tllc II I(!aIIS  fol c)ljjcctivcly pcrfmnin.g  tasks that
fonncrly  rcquirml  subjcc.tive  and visually illtcllsivc  IU.miua] analysis.

All iln]mrtant,  goal of t]lis work is to chssify  objc!cts W1}OSC  intensity (iSC)])]lotd  I]lag]lituc]c) is too faiut  for rccog-
llitio~l  l)y il)sImctioll, ]J(!IICC ](!qllilil)~  all  aUk)Illakd C]tLSSifiCa~i[)ll ])1’OCCdUl (!. ]’killt Ol)JC!Ck  COllStitCltC!  t]lC lllajOlity

of objects ml any giwvl ])latc. Wc t,argct  tllc Classificati(m  of ol~jccts that al c at least, cnlc ~naguitudc  failltcr  thau
objcc.ts classificxl  in ]mwious  surveys using co]u]mral)lc  l~llotc]gra])hic  lnatclial. \Vc shall briefly give a gcucral,  lligll-
lcvcl clcscript,iml of tllc a])])licatio]l  clomaia, al)d rc],cmt ml t,llc su{ccmfu]  results wllicll cxcccdcd  our initial accuracy
goals. Wc: t,llcrc!fcm  clo Ilot })rcwiclo  II IUClI of tJIc details of cit}lcr tllc lcarl)illg  al~,c)rit}llns or t,hc tCC}llliCa]  a~pccts  of
tllc clolnain. We ailn tc) lmintl  out, all iast,aacc  wlimc lcarlling  alp~mithlns ]j]o~wcl to a lx uscfu]  al!d ])owcrfu]  tool in
tjllc auto]  aatioll  of scientific data atlalysis.

2.1 Classifying Sky Ol)jects

SKI CA’J1 ])rovidc!s  al] iatcp,ratcd  ellvircmlucllt  “for tl]c collstructi(n~, classificatiml,  ]Ilallagclncnt,  ancl analysis of
catalop,s fmn large-scale ilnagin~  surveys. 1 )UC to the large all ,oul its of data I ,Cillg collcctccl, a lnauual  ap~)roacll
to clc.tcctillg al]d classifying sky objects iu t,lle images is infeasible: it wcmld 1 c:quirc!  on tllc orclcr of tells  of man
years. Rxistillg  com})utatiolia]  mctlkods for classifyi~lg tlic ilnagcs  would l)rccludc tllc iderkificatioll  of the majority of
objects ill cacl] ilnage  sillcc tllcy arc at lCVCIS too faiut  fcn traditi(mal  algo] itllll ]s or CVCI1  manual ills] )cctiou/aualysis
al)proacllcs A lmil)ciI)al  goal of SKICA2’  is to proviclc  tLII efl’cct  ivc, c)bjcc.tivc,  aud cxalninablc  basis  for clawifyiug
sky objects at lCVCIS beyond tllc li]uits  of c,xistiug tcchllc)logy.

Fi.gurc 1 depicts tllc overall arcl]itcctum  of tllc SKI ~N1’ plat,c tatalog cc)] 1st rurtio:l  and classification pxoccss.  Each
])latc is subdivided iuto a sc!t of partially ovcrla~)l)iug frames. 1,OW-ICVC1 image })roccssiug  aud object separation is
])crforlncd by a luodificd  version of tlic ]mblic do]nain IX)(;AS il]]agc Inocessillp,  soflwal C.22’34  r ‘1 IIc image processing
stcq)s detect contiguous pixc]s ill the ilnag,c that arc to bc groul)cd as O]lC ol)jcct.  Attrihtcs arc then measured
lHMCC1  01] this scgmclltation.  l’llc  total ]lulnbcr  of attlil)utcs measured fcH cacll ol)jcc.t, by SK ICNJ’ is 40, includiug
lnafylitudcs,  arms, sky briglltncss,  lwak values, and iut,cmsity  wcigllt cd and ul!wcig]ltcd I)ixcl mo~ucnts,

OIICC  all attrihtcs, including  norlualizcd  and Iloll-lillc.ar cml})iaatimls  of these attributes, arc )n~zm]rcd  for
cacll ohjcct, fiual classific.atio]]  is pcrfcmmcd on tllc cai slog. our currcllt,  goal is to classify objects into four lnajor
catcgorics,  followi]]g tl]c original scjlcmc in FOCGAS:  star,  stw wz (h fuzz, gulu~~y, and cJ7Lifact.  WC ]nay later refine the
classificatiml  into more classes, lIowcvcr,  c,lassificaticm il Itc) OIL(! of tlIcsc foul classes I q)rcscn)ts adequate discrimil)atioxl
for ])rilllary astronomical analyses of tlIc catalogs.

2.2 C l a s s i f y i n g  Faint (lbjcdjs

111 additiml  to tll[! scallllcd  ]hotogra])]lic  l)lat,cx, wc liavc ac(css  t o  CC])  il[[agcs  t]iat  sl)aII sc!vcral slual] rcgio~)s
ill soInc of tllc fralacs.  “J’lIc lnaill aclvalltar,c of a CC1) ilaagc  is IIigllcr ] csolut ion and sigllal-to-noise ratio at faiutcr
IC!vcls.  Ilc]jcc,  ll~ally of tl]c cd)jccts tl)at, arc too failit, to I.)c c]assificd  by ills] )(ct,iol) 011 a l)l)ot,ogral)llic  ])latc arc easily
classifial)lc  il) a C;(;I ) ilnagc,  111 aclditiml to using t,llcs(, ilnag(:s for I)llot,olli(,tl  ic calil)rat,iol)  of the l)llotogra])llic  l)latcs,
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Figure  1: Arcl]itcctu]c  of the S1{ICA’1’  Catalogil,g  aIId  ~;lassificatioll  I’roccss

wc make usc of C(J1)  ilnagm  fol two laac.llillc lea) ]Ling ln]rl)oscs: 1. tllcy ctla},lc us to Obt,ail] class labels  for fail]t
,objccts  ill t Ilc I)llotogra]d]ic  ]datcs,  and 2. accurate asscsslnm~t  of ollr classifier results.

111 order to ]~roducc a classifier tJlat  classifies faint objcc(s  c(wrcctly,  il)c lcarllili~, algorithm Ilccds training data
consisting of faint  objects lalmlcd with the a])pl ol)riatc  class. ‘1’his  class lzibd is ol,tainml  by Cxamilling tllc CCI)
f r ames .  011(X: trail~cd on prc)~mrly  lalx!lcd ol)jccts,  tllc loal llin[:  algoritllln  ~)l(duccs a classifier that is caI~ablc of
]Jr’olK!r’]y  C]assifyi[lg O]JJCCh b,%$cc]  o n  t])c WdUfX o f  i]lf! attI’ib\]tCW  )Wovidc!d ~)y I’()(;AS. IIcl]ce, ill princilk, t h e
classifim  will k al)lc to classify objrxts in tllc ]hologra]~hic  ilna~’,c that :il (’ too faint  fol au astronomer to classify by
ills] mction.  Wc target tl]c classification of sky objects that arc  at least OIIC  II m~,ti itudc  failltcr  t}larl objects classified
ill ]diotogra])llic  all-sky surveys  to date.

2.3 Results  and IJuturc  W o r k

‘1’ILc  trail~illg al~d test data consisted of objects collcckd  fro] n four dificrwlt  plates  froln regio]]s  for which wc had
CC] ) ilnagc! coverage (sillcc this is data for wliicll accurate classificatiml  is ~\’itil~l )lc). ‘1’hc  learning  algorithms arc
trained 011 a data set from 3 plates  allcl tested  on data frolll the ml nainillg  ] )lato for cross valid aticm. This estilaates
our accuracy  ill classifying objects acl 0ss ]Jatcs. Note that tljc })latcs covm diffcrmlt rcgiolls of tlic sky and tha t
CC] ) frames  cover multipk, wry small ]wrtiom of each plak ‘1’he  t] ai]lin:, data consisted of 1,688 objects tl]at
wxc ckwsificd  lnallual}y by an asttonmnm by cxanlillillg  tllc c~mcsl)olldill~, C(;1) fralncs. It is notcwort]ly  that fox
the majority of these  objects, t,hc astrol~cmlc)  would IIot h aLrlc to reliably  dctcl  lni[~c the classes lJy cxalnilling  tl]c
corrcs] )ol)dillg survey (digiti7,cd ]d]ot,ogra])llic,)  ill Iafy:s. All att riblltcs  used I)y t] lC lean]iug  algoritlllns  arc dmivcd
froln tlw survey  illlagcs slid IIot, of c.oursc, frolll tllc IIigllcn rmdution C(; ]) fl alll(!s.

‘J’llc lcarlling  algorithms used alc hsed 0]1 cfiicicnltly gmmatin[;  dccisioll tt cm or IUICS from tl]c training data. It
is lmyolld  tllc sccqm of this ])apcr to cover tl]c algol ithlns.  llltc.rcstcxl rcadm al c 1 cfcrrcd to “~]5  for a discussion of the
algorit]llns.  ‘J’IN  classificat, im] results  lnay I)c sunlmal  iy,cxl as follows: 1 )misioll tree lcaming algorithms G11)3* 16 ancl
O-lltrcels ]wxforlncxl  ill tile rallgc  of 91 % acc.uracj’ of ]ucdict  ion. IIy usillp, 1{[11  ,1;1{,’4 a ~)ro,gram  that gc]matcs maw
flecisio]l tr(!cs mld c)~)timizc.s tllcnn Ijy CX(,I  actit  1?, a ] 01 mst set of classification i I ulcs via cross-validation, statistical
I)NIJlillg,  a]ld F, S’(XX]Y COVfTjllg,  fi Shbl(i I’CSUl~  Of 94% aCCUl aCJ) llaS k’]] a(’1 I i(’VCd.  ]{’01 CO]llpFLI’koll,  a Collllllef’ckdl}’

availalde  dccisimk tree learning  algorit,l]ln  called 11)3 (or C4 .5):’7 ‘ ~1[~.. limes OIIly :il lout 76°/0 acmr’acy oIl awragc.

Note tllaf such lligl]  classificatiwl  accuracy rcsalt,s could only be ol)taillcd  afkr cxlmldillg  significalit,  effort



ml dcfilling mmc r o b u s t  attrihtcs tl)at ca])turd  suflicimt  inw~riances  l)ctwccm v a r i o u s  l)latcs.  WIIcm  tlIc salnc
mq)crimcxlt,s  were COIKIUCM  usil)~ oIIly tlIc lmw-lmd at tributes ]ncasurc(l by l~OCAS, tlic results were si.rylificant,ly
WONC.  ‘J1lIC error rates ju~n]ml al)ovc 20% for ()- 11’[} cc, almvc 25X, for G]]  )3* , all(l al)ovc 3(t% for ]] )3. ‘J’lIc  rcslmctivc
sizes of t,lm trees grew siF,llificant,ly  zts well.]4

‘J ‘hc SKI CA’J’ ])rojcct  rclmcscnts  a stcl) tc)wards tile dcvclop]t  Icmt of all 01 ~jcc(ive,  I clial~lc automatmcl sky object
classification  mctllod.  ‘J ‘Iic initial results of our cfl’ort  to autolnat( sky ol)jcct  cltissi(ication  in order tc) automatically
reduce  tllc ilnagcs  ])roduccd by 1’OSS-11 to sky (’ittal(lj$  a] C illdmd vcl y cll COlllaF,ill~. lJsillg lnacllillc  lcamillg
tcdlnicplcs,  SI{ICNJ’  classifies objects t,llat :il c at Icast mlc ma[ylitude  failltct  tlla?l ot)jcxts cataloged ill I)rcvious
Sul’vc!ys. ‘1’llis  xcsu]ts ill a 2(K)% il]creasc  ill tllc llll]nbet of class} ficxl sky oL)jects  availal)le  for scientific analysis  ill
tlic resulting sky catalog database. I’hr(JIcrmorc, ~’(!l]ii\~(~~xc~~(l(!(l (mr il[itial accuracy target of 90%. ‘J’llis  lCVC1  of
accuracy is mquircd  for tjllc data to l)c useful ill t(xtill~, or refuting thcmics  o]l tllc formation of larg(!  Struclurc  in
tllc u~livcrse and on cjtllcl~jlt(~lloltlc~)a ofi)ltcrcst toasilol)o))lel:j. S K I  CArJ’is  ]IOW bcil]gcln]jloycd  to both  mlucc
a]~d allaly~jc tlllc survey images as tllcy  arrive f]olllt llc(li~iti7j:itic) llillstrll]l]cl]t. l$~e:itc:llso  ljcp,illllillg toc:x]~lo:ctllc
a])plicatioll  of SI{l CA’J’ to tlIe analysis  of otllm  suI\’cys  ])lanllccl  l)y NASA aIId otllrr iltst,itutimw,

A coIIscqucnlcc  of tllc SI{I(;A’J’  work is a fulldalnclltal  cl)alls,c ill tllc llotioll of N sky catalog fmn tile classical static
entity “in ]nint’’,  to a dyllalllic,  c!\~crgr[)wil)p,,  cvcrill~l,l(,\~illg,,  oll-lillc[  latal)asc. A]] iln]mrt,allt, featllrcc)ftlles~lr~~cy
analysis systcm  will be to facilitate sucl I dctaild i]]t,cractiol]s  with the catalogs. ‘J ‘lIC catalog gm]cratcd  by S1<1 CNJ’
will cvcmtually contaili  almut al)illiol~ mltrics  re~)lcsclltil)g llllllcll(:(ls ofmillio]wof sky objects. WC vicwoul effort as
targeting t,lw dcvclol)lnmlt  of a new p,cmcration  of illtclligcllt  scic)lt,ific  analysis tools. 37,11  wit,]lo~]t t,llC avai]al)ility  of

tllc!sc tools for tllc! first, sulvcy  (1’0ss-1)  COll(]UCt(!d  Ovcl fout clmadcs a&O, 110 ol)jcctivc  artd cc)lilI)lc:l)cllsi}~c analysis
c)f tllc data was possible. II) contrast, wc amtargctillg a cc)l[~])rcl]c!l]si~’csky cat,alogt]lat will he a~~ail:iljlcol~-lillefor
tllc use of the scimltific col]]lllullity.

As part of our ]Jal]s  for tllc fut,urc  wcl)lal~ to lx[jili illvcsti{,atio~) of tl)c al)]) lical)ility  of ul)su])crvisd lcarl~ing
(cluster ing)  tcch)iqucs sucl~ as AlJr110C1,ASS7  to tl,c IMX,blan  of disco~wrin~, clusters or groul)illgs of intmxking
objcc.ts. ‘1’lIc initial goals  wil l  be to answm qucstio]]s like: 1. Arc tllc clawcs  of sky objects USCX1 currcnitly t)y
astrolloxncrs  just,ificd l)y the data: do they ~latural]y alise  ill tlIc data? ‘2. AIC tl)cre  otllcr  classes of objects that
&~trollolllCls wclcl lot awalcofl  jccatlsco ftlledi ffic~lltyof (lc alill:,” withllis~l  dil])mlsional  s])accsclcfillcxl  by tile various
attributes? l’lielo]lger term p,oal istocvaluatc tllcutilit, yof ullsll~)clwiscd lcarllillg,tcclllliclllcs  as an aid for tlic tylm
of allalyscs  astrono]ncrs  conduct aflcr  objects llavc bee]) claxifild il)to kllowl~ classes.

3 C A S E  S’1’_LJDY 2: VO1.CANO I)14;’I’12C’I’ION IN
MA CJELLA N-VI’:NUS 1 )AT’A

‘I’llc Magcllall-Vclllls  (latasct constitutes yet allotll(!r  cxallll)lc ()ftl)c  lalg,c\'c)l(~lllcs ofclatatllat t,oday ’sillstru-
lnc])h  can collect, I)rovidillgl]loroclctail  of Vmm tllall  was prcirious]y availal)lcfmn l’iollccr  Venus, Vcncra  1S/16,
or groullcl-l)ascd radar observations ]mt toF,ctllcr. 29 ‘J’lIc  Magellan  s])ac.ccraf(,  t~a!lslnittcd  back to earth a data set
col]sisting,of  over 30,0001  ]igh rcsolutio]l  (’i’5 2,2[1111 l)c] pixel), 1024 l)ixcl square, sy]ltl]ciic  almrtute radar (SAR)
i~nap,m  of tllc Vcmsiall  surface. I’lallctary  scientists arc litclall~f sw’amlwd  l)~r data.

We arc targeting tcl]c automatd detection of the ‘[small-s}  Iidd”  volcall(ws  (lCSS  tliall  15kln ill dialncter) t h a t
c.o]lstlitute tllc lIlost almndant visilJc  geologic feature 011 tl]c surlacc  of VcIIus. 19 ]dc]lt,ifyillg allcl s tudying tllcsc

volca~locs is fu]lda]nc]ltal  to a ]) IO])CI Ill)clcl.st,al)clillg of t,llc geologic cvoluticn) of VCIIUS. ccI)tral to volcanic studies
is tlI(: cataloging of cacll volcano  locatiol),  its siw, and cllalact,(ristics,  It is cstilnatcd, l.)asd cm cxtralmlating frolll
previcms studies and kIlowlcdgc of t,l]c ulldcrlyil]g  gdOF,iC. ]) MICCSSCS, tl]at tllcrc slIould  be 011 the ordc:r  of 10G of
tl]cso volcallocsvisiblc  ill the Magcllali  data221 (scattmxl tl]ro,,gllout  tl,c 30,000 ilna~,cs). l’ur(l]mnorc, it has Imll
Cstilnated  tl]at, lnallually  locatil)g  all of tllcsc  volcanoes  would  require 011 tlI(~ OICICI of 10 lnall-years of a l)lallctjary
geologist’s ti]ncto carry out,. llowcvcr,  loc:itillg:ill[l  l)ziralllct(:l i7,i]]gtl]c]ll ill a I[ianua]  Illar[]]cli sforbiclclillgly  tilllc-
c.mlsulni]lg. II C]ICC, wc llavc ulldcr(,akml  tllc dcvclo])])lcllt  Of t,wlllli(lum  to ])al~i:illy aut,olnatc  this  t,~sk. All cx:unplc
illlag(!  sllowillg volcanoes  a])l)cars ill Scctioll 4.’2



‘1’IICIC lIaS bCCII litt,l(! ])rior work 01) dctcc.tillg ])iit~l~~ll~ c)r.c(IrI illg obje((,s ill I CIIIOtCly-SCIISd  i]nagcs. Mu(I] of tli~
co]ltc]n])orary  work ill com])utm  visiml is ]nodcl-hcxl.  Wllilc this works well fm dctcct,illg  man-made  objcxts,  tllc
Inodcl-lmwd  al)l)macll  oftcll deals l)oorly wit}i t,l Ic: varial)ility  ill a]q)cara  IIcc of )latural  ol)jccts  and t,l)c noise ])rcs(vlt

rl 26 ]]cl,(:c fol. ~xall)l)]~,  },,])i](  i t ,  is illl])ract,i(.al to s])ccify an cffectivc ll~odcl forill tyl)ical  rcluotc]y  sc!lscd data.’ ~
volcano dctcctiol~ based 011 ]mior kl)owlcdg(!, it is ] IIucl I Inorc  st];ligl]tfc)ril,:ir(l to llavc tl)e scicmtists ])rcwidc exam] )Ics
of vcdcallocs  al)d Cwlsequcutly  try to 1CU7V1  tllc lna])])illr,  frolll l)ixcl s])acc to volc:illo/llc)rl-\  rcJlcallo categories.

W c  arc dcwclol)ing  a systrml  callcxl JA1{Loo1  (J]’], Ada] )tiv, llecogllitiol]  ‘1’001) that consists of tllrcc distinct
Colnj)olmnts:  focus of attc])tioa, fcatum lc:alllillFi/cx( lilctiO1l , :ind classificatiol~  ]earlliag.  Fi.gurc 2  gives  a  block
cliagrall~ of tllc a])lmoacll.  Our initial work in this  ]Nol.dc]a has rcliccl 011 tllc coIIcq)t  of using a focus of attcmtion
(IX)A)  lnctllod  tc) cfctect regions of intcrost, followed by local classificatio~i  of rq,k)ns  of irltcmst  iuto volca~]o  ancl 11011-
volcam categories. ‘1’lIc  focus of attx!ntion comlmlcnt is desif;llc{l  p) ilnarily  fo] mnputational  cfiicicmcy.  Its function
is to quickly stall an i~lput image a~ld rou,g]lly  dctcrl)lillc  rcgim)s  of il)tcl cst (rcgio!ls  ])otc!lltia]ly contaiaillg  objects
silni]ar  t,o (llosc sJwcificxl  by tllc scientist). 1+’0]  this ])url)osc  w~ nave used a Illatcllcd  filter  wllicll is autolIlatically
Collstructcd  fr’oln t}lc trail! illp, data by takillp, a norlnaliwd  avcra[’,c of all vo]callocs ill t]lc training set.4 q’llis a])lmoacll
dchcts  tllc lnajority of volcanoes (incluclinp,  all of t,ll(! volcanoes for wllic]i the scicatists arc ]aost  confident, ill their
labclillg).  h’alsc alarms arc causccl by cratcm,  grabeas,  ot}lw b igllt fcatul  w, and SAIL noise.

C~ivell a set of dctcctcd regions  of illtcrcst, OIIC  llmst t llwi disc riluinatc  1 M wm i tlic volca~)ocs  ancl tlm false alarms.
A currcv)t  focus of tllc rcscatch  is to find a useful feat urc-1 c]mcscntatio]l sl)acc - a rcjmcscmtatioll based  purely o]]
l)ixcls will tend to gcruma]izc poor]  y. For tlm lN]rlxmx of i~lcor])oratil]g  ],] ior kl low]cdgc tllc ideal feature set  would bc
cxprcsscxl  in the forln of expected sizes, slla] xx, allcl relative ,gcf mctry of sloIms al ICl ~)its, namely, the sa]nc features
as usccl by the scientists to dcscribc  the volcanoes. I lowcvcr , due to tl)c low’ si?,[lal-to-noise ratio of tllc image, it
is quite diflicult  to accurately cstimat,c  t,hcsc fcatums,  cfl’cct,ivcly prccludi]lp, tllcir  usc at ]wcscnt, ‘1’hc  currclA focus
of our work is 011 a mctllod  which autolnatically del ivcs I oh st fcai, ul c rcl)l(:se])tat,iolls  (see Scc.tion 4. I for more
details).

We have cmlstructcd  several training, sets Usillp, 7511t/I)ixcl rmolutioa  itl)af,m labeled by tllc collaboratil]g  geologists
at IIrow]]  lJnivcrsity  to ~ct all initial  cst,ilaat,c  of t,l Ic 1)(,  I forlnallc.c of tllc systc]n. ‘I’l IC 1+’[)A com~)onc)k  t,yl)ically detects
IIIOIC than 85~o all tllc vo l canoes  tllc 1 5 %  wllicll :irc ]Iot  clctcc.tcd al (: ones wllicll t]lc scicllt,ists ]lavc lal)clcd as
“lnargi]la]’) m ]owcr ]wobabi]ity  vo]callocs. Sil~ce it is dmigllcfl to acL as all iIp,F,I cwsivc filtct,  tllc I@A cOllll)Ollcl~t
genmatcs  5 to 6 tilncs  as IIlany false alal IIK as true detections. [Jsillg a lllaxill~llll~-likc!lilloocl  Gaussian classifier,
and fcatul  C.s dmivcd  via a l)rillcil)al cc)lnImllcl]t dccollij)osit,ioll  of local ])ixcl If,il](lows  (sot Scctiol) 4 .1), i~litial crOss-
validatioll  l(!sU]t,s 0]1 a ])NLjCUhW lT!~jOll  of thC! ])lallCt  ]Iav(! S]lOV!II  i]lat, t,]lC SYS(CI1l  Call  C]i3SSjfy  Vo]CaIlo(!S  Wjt,]l  Sil)lj]al

accuracy to tld of scimltists  011 t,l)c salnc data.4



4 l,13AltNING lSS1-Jl!S lN IMAGE DATA 1 IA SIC ANALYSIS

IIavillg  discussed tllc ]mrticu]ar  details of both the 1 ‘0 SS-11 al)d Ma[\t!liaIi \~cIiIls databa.sc:s and tllc ]Jarticu]ar
systmns  wc liavc iln])]clllellt,cci,  t,]lc rcnnainclcr  of the ]JaIwr  will focus 011 t,l]c gcltera] issues wl)icll  arise ill Imoblclns  of
t],is ~latlll.c,17 ‘J’l,  c foClls will l)C ~1~ soH~c of t]]c C.oll)l)]ic.itti]lg factors wl)icll al isc WI](:I1 i]nagc analysis ad lcamillg

al.goritlllns  arc colnl)illcd: t,lm role of lJrior illforlllatioll, lack of  absolute  gI 01111(1 trutli, ]llodcli~lg  s[)atial  co~itcx~,
Olllil]e lcarllillg  and adalAat,ion,  and llllllti-scllsor/tl  lclll:ttic ma]) flata.

4 . 1  ‘1’lIC 1{.olc of l’rior lnfcnvnai,ic~n

111 gmlcral,  ])rior illforlnatio]l  about a,ll ilnage  ml)l(xatioll  pr(,blcln call l)C s],ccifi(!d  ill two ways. Tile  first, is in
tml~ls of r[!lativcly IIiglk-level knc)wlcdge s~)ccifyil)g  cxlwctations  and col)straillts  lcgading certain  characteristics of
11)(: objcxts  of illtcrcst.  For cxaln])lc, ill tllc Magcllan.  Venus ])rol)lc]rl  tflc ill(.i(lmlc.c aliglc of tllc synt]lctic  almrturc
radar instrulnc~)t  h tflc ]dalict’s  surface  is known, wl}icll ill turli  st) ongly illfl~l(l)cc!s tl)c relative l)ositiolls  of higllt
arid dark slo]m .a]ld su]l~lnit ~egions for a g,ivcw volcano. 25 ‘1’110  scm~id (y]w of ])] ior illforl[latio~l is tllc information
W]liC]l  iS illl])]iCitl~  S]) C! CifiCd  by tll(!  klbd(!d data, i. C., t}l(’ data W]lidl  haV(’ I) C(!II (!Xalllilld  l)Y t]lC  doll]aill ~xl)CIt  ad
arlllotatc(l  ill SOIIIC IIlall)lcr.

Ortc Inust  dctmnillc!  tlw utility of each ty])c of info]  )natim]  ill dcsifylilif; all ill]agc m])loratioll  algorithln.  1“01 cx-
am]dc,  ill t)le SK I~A’I’  l~rojcct, tlkc ])rior kllowlcxlg,c was quite ])r(cise and IIc II)(K1  a p,rcat deal ill tcrlns of dctcmninillg
tl)c! ol)ti]nal  features to USC for the ]nwblem. 11[ contrast, for t}lc Magcllall-vcllus  problcln, tl)c ])rior  kllowlcxlgc is
quite g[!]lcral  in Ilatum  all(l is not  easily translatable il]to algo~ it,hn)ic. cmlstl aillts,  lcavillg us only with the labeled
training cxa~n])los  ]movidcd by tllc sciclltis(s.

l{aw ])ixcl data rarely ])rovide  a good basis fol lcanlillg a])] )ro] miatr 1 lixcl - clc]ivcd features can ty~)icall y ]nmvicle
a ]nucll ]norc robust rclnmmltation. In scimitific.  data analysis, wllm!  il]c usm tyl)ically  kt]c)ws tl]c data well and lm a
list of clcfi])cd features, sclcctillg  the al)]mo]n  iatc feature to ])res(llt  to tlkc Ical IIillr, algoritllln  call be straig}ltforwarcl.
SKl~A’ll  ]nwvides  all exccllcnt  exam]dc  of this. Not m]ly  w:Ls t ILc :;cgIll(,]ltt\tio]l l)]  oblcm (locating objects) c~sy tO
l)erfc)rmj but wc l)acl access to a host of dditl(!d  attl ihtes tl)at we II lade lIsc of Cflkctil;cly.  I IaviI)g the ~)ropcr
rq)rmmtatioll  Inadc tlje (Iiffcm)cc l)ctwccnl  succcss al~d failure.

II] Order for SK1~Mll to acllicwc stablo  classificatimi  accuracy results 0] I classifyil)g data froln cliffcrcnt,  plates,
WC had to s~)encl  some cflort  clcfilling liormalizecl attrilmtcs that arc less sm Isitivc to ])late-to-l)latc  variation. ‘l%csc
attributes arc com]mtccl automatically froln the data and are (Idiucd sucl]  that tllcir  values would bc Ilomlalized
witllill  and across ilnages  and platc!s,  Mal]y of tlkcse qual)titics  (alt]~(mg]l  not  al]) llavc! I)]lysica]  intmprctations. other
quantities we ~neasurcx] ilwolvcd fitting a tmnldatc to a set  of ‘?+ lrc-stars” sclcctcd  by the astronolnm  for each image,
and tllcm measuring tllc rest of tllc objects wit]l I es]mct to this teml)lat,c. 1]] cndcr to autolnate tllc mc~surmmlt
of SUC.11 attributes, wc aut,omatcc]  t,llc “sure.star” selection prftblcwl by trea  Li}lr, it as a learning sub-] moblcm  ancf
building  clccision trcm for sclcc,ting, “sure-stars” ill an al bitrary image!. 11’ortu]  Iatcly, tlkis turllcd  out to be a relatively
cmy  lcar]lillg  task: out accuracy  on this subp  oblcva cxcccds 98%. q’llis allo~rcd us to autol~latc  the mca~urcmlcmt,
of tllc llecxlwl and loom  so]histicatccl  attributes. 11] tflis case a wcaltfl of kl Iow]cdgc  was available to us in terms
of attrilmtcsi  (Incasurcnncllt,  s), wl]ilc astrono]ncm  foul id it, dijiculf fo usc  t lIcsc  attril )utcs to classify objects. ~’ltc
IIlacllilm learnil)g  al.goritllms  were able to produce a classifier that used IIlal]y  (as lnally as eight)  dilncmsiolls.  No
])rojcc(,ioll of t,l)c data onto two or tllmm  dilncllsiolls  would Ilavc allowd as accul at,c a classification, cxl)lail]ing thC
clif[iculty llulnal)s  fouud ill dcxigl)illg the classificl.

()]] tllc otllcr  l]and,  in the case of tllc Mag(!llan-\Tcl  LUS data, (,llc fcatul  c cx tlactioll lmoblc]n is significantly  mom
diflicult  to address. 0110 al)}moacl) wc llavo bcw]  cxlmilncntillg ivitll is tll(! l]SC of ]n illcil)al coln])ollcmt analysis.33
I’hell trail)illg  cxaln])lc (a Subilnag(?  cont,:iillilig a ])osit,ivc  cxalll])le)  call })(:  tul IICC1 ilhto a vector of ])ixc] values. q’llc
mltirc  tlraillillg set olI n cxaln])lcs, cad)  of which consists of a ~; X k pixd sul)i[llap,c, will thus fmn a 1:2 x n matrix
wl)icll  Cal) Sul.)s(!qumlt]y  be dccolIl])oscd  illt,o a set of ort,flonc)l lnal cigmivcc.to)s  IIsillf,  singular  value dcco)npositicm
(SV])). AII c~ir,cllvaluc is associ:itc!c] Wit,f, cac]] of t],c Vcct,ors  i,,dicat,illg its lC]at,i~c i]tll~orLallcc.  ]1711cIi t]le Cigellvwtors
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l~igurc 3: }’;iF,c:llvcJlcall(Jcs lhivcxl  frcnl) ‘1’raillillg 1 )ata.

(ci.gcnvolca])ocs)  arc vimvcxi as imap,cs again, Wc 11O(?C t’tlat each J CJ)ICN!IIM  a “l, asic” feature of a volcmlo. l~igurc 3
sl)ows 20 associated cigcmvolmlo  features (tl IOS(! ct)lrciJJr)ll[lillg t o tile la] gcst cigcllvcctors)  ordcrc:cl left to right  by
clccrcasing cigcvlvalucs. Note that the cigcllvcc.tols I) CCOIIIC  less mllmwllt stal  tillg wit]]  tl)c sixtli  or scvclltll  feature.
ltacll Mock ill tllc figure cmrcsI)onds  to a 225-comlK)Jlcllt cigmwcxtor  that was I c t lallslatcd ilito a 15 x 15 ilnagc slid
mdis]daycd  as a block ill tllc fig,ur{!.

l’llc  cigc!nvo]canocs  cau lx! viewed  as gmm  al feat Ilr(:s tl]at cal~ be used to c1 lcodc cacll dctcctcd  calididatc volcano
for classificatiml  pur])oscs. ‘Jllis is all cxam])lc of al] autmnatic tm nplatc  (]] late) lcd filt(!t ) gmicratiotl  lmoccclurc  wllic]l
call ca.~ily bc auglnmltc!d  I)y other fcatur(!s 1)1 ovidc(l I )y t lIc cxl)crt user. 1 loNmm,  ttic drawbacks of tllc SVJ j a])]macl]
arc worth ]llc~kiollillg: in gcv]cral,  tllc lnetll(jd call l)C sm}sitivc to scale, rotation, a]ld trallslatiml distortiol)s  (alt]lougll
these arc IIot significant Imotjlcnls  for t,llc vo]callo  ],] ol)lmi)  and it is diflicult  10 mlcodc ]Jrior  kllowlwlge aljout  tllc
clolnaill into  tl)e ]nodcl.

III statistical l)attjcrn mcognitim aIId IIiacllillc lcal llin~, Sulxmisecl  lcarllillp, iln])lic.itly assulncs  that tllc “target
Signal” c.olrc!s])ollc]s to groul)d trut,]l. ]11 il[lag~ alla] ysis, tllc! labdillg iS Oftcll not ill fact, “ground  trut]l”,  w] I(!IC gy’olllld

trutl] is take]) to lncali  that ttlc object of illtcncst  I(as IIMI its idmtity asccrtai]lcd  by a sc])aratc  illlag,c-il~(l(:] )cl~(lcl~t
mcasurcvncai, with near-7Jcro aml.)iguity. lnstcad, obj(!cts of illtcrcstl nlay Im lalmlcd ill a sIIb@tzvc  manlmr  b y  a
scimltist. If tlm sigllal-to-lloisc  ratio (SN1{)  of t,llc illlagcs is IIigll c]lou~,tl tl)c]) tllc sub jec t ive  cstilnates lnay lJc
accc])tod as llcar  Cllougl)  to fyound-tmth for ]mctical ]mqmscx. ‘J’l)is  is tllc c:]sc wit]! tllc: S1{ICNJ’  data, especially
wit]] tllc use of llighcr  rcsolut,io]l  CC])  ilnaF,cs  to obtail  I training (Iata. ]lowcvcl fm tllc L4agcllal L-Vcnlus  data, with low
SNI{, tlmc can bc some variability betwwcll diffmmt  sc.iwkists (ancl the .sMnc scimkist  at diffcmnlt tilocs)  in labcliag
a ~)articular  ilnagc.  in suc]l a case, tlcatillg suclt sul)jcctive  c+timates  as g] OUIICI truth is to igllorc a l)otmtially
ilnportant source  of noise ill the data.

]t is an illlI)ortarlt  point t]lat, in th(! a]mncc! of i3~JSO]lltC grounc!  Wltll, the F,oa] of our work is to bc as compatablc!
ill perfonnal]cc  as l)ossiblc to the sc.imltists  ilI tm ]ns of labclin[,, accuracy. Almolutc accuracy is not  lncmurablc  for
this problcm.  IIencc,  tllc best the algcwitllln  cali do is to cmulat(! the scic~lt ist’s lm forlllallcc.  Also,  the learning
a]gorithlns  S})oulct  bo al)lc !Ic) lnakc usc of ]wotmbilistic class labels  clulil)g lc.slllilip,.31

Clivml that t he  sc.icntists carl~]ot cl.msify ca,cll ol)jcct  with 1 W% co]] fidc]lcc, liow call Wc a“ssess how W(!11  0111’
algorithms arc ]mrfonning?  olIc aplmoac]l  is to lncasurc  the ])crformallcc  of il ldividual  sc.imltists  with respect to a
‘(cons(!llslls  gl’omlcl  t!ut!ll” , wlicm tllc consensus data is gcllcxatcd by seven al sc.imltists  working t,ogcthcr  discussing
t]le lnerits  c)f eacl~ candidate volcano. ‘Jlc Imrfcmlna~lcc of an algorith)ll  is collsidel cd to IN satisfactory if, coml)amd
to COXUXHMUS  ground  tmtll, its lmrforlnancc  is t~s good iis that of all illdivid~lal scimltist,  “J’lIc  ])llilosophy lICN is that
if a sillglc sciclAist  is qualificxl to lwrform  tlIc analysis, thcl  I it is su~lcicllt  if ml] a]goritlllns  lwrforIn comparably.

2’IM2  scicntlists lahl training cxal[ l]dcs  ilho qualltimcl  ]mol ,abilit  y I)ills 01 ‘[tylm’), wlletc  tile probability bias
Colwsl)oll(l to visually (Iistil}gllisllal)lc  sul)-catcg(nics  of volcall{ms. la ])artict)lar,  we }lavc usd 4 tylms: (1 ) summit
])its, lmigllt-dark  radar  ])air, al)d al)})alell(  t,ol)ograp]lic  s101N, :,11 ck!ar]y visi]l]c, ])rolmbility  ().98; (2) o]lly ~ of t~le 3
critc!lia  ill category 1 arc visil)lc, ~)lobability 0.8(1; (3) no sut[llni~ ]Jit l,isil)lc, cvidcllcc  of flanks Or circular out,lillc,
]wobal)ility O.(K),; ancl (4) o]lly  a su]nmit,  l)it visildc, l)lol)al]ility  0.50. ‘J’l)c  ]) Jobahilitim  coImsl)OIld”  to tl)c IIICWI
])rol)al)ility for a ])articular  tyIw (ttlc  ]mobabilit,y that a vo]cal,o exists at a lm] titular locat,ioli givml that it tmlOllgs
to a ])articular  tylm) allcl were clicitcd  after considm  al)lc discussions with ttlc l)lallctary  gcologist,s. ‘J’llc Usc Of



]“igurc  4: Magcllan  SAIL image of VcIms wit])  CO] JSC]ISUS  labels  sllowillg  slnall volcal~o  si~,cs and locations

q(lalltid ])lOk)a~Ji]ity  biIIS  LO attadl ]CWC]S of C(!rbiIlt. V tO sl)bj(!i  ~tive  ill)ag,(! lal)dillg  is not  nmv: the salnc a])]> roacli
is routinely used in the evaluation of radiogral)lli(  i]n:i~,c  (Iisl)lajs. 3,8

Wc llavc dcwclol)ed a variaut, of tllc stalidard rcccivcr  o])cra(il]~, cllal actc]  istics (ltO~) callccl tl]c wciglltcxl frec-
mspomc (wl’lt O~) which takes  iuto  account  hot II tlIc facts t] lat (i) tlIc false alar]n  rate for clctccting  objects in
ilnages  slIould be ]Ionnalizccl relative to SOIIIC qumltity  otlm tllau tllc IIUIIIIWI  of ])ixcls ill the ilnage,  allcl (ii) that
dctcct,iolw must be wciglAccl both  ]~artly as dctcct,icllls al Id as fal:lc al arlns,  c.g,., if, at a lmt,icular ol)cratiug  threshold,
the system  clctccts  a local region wl~icl) has  rcfcl cn]cc ]n obal)ilitj 0.8 of being a volcano, then it Inust  count as 0.8 of
a dctcctioll  and 0.2 of a false alarm. f’ More mc.cmtly wc IIave dcw!lo]wd  ]nodcls wliich estimate the subjective Iabcling
noise of cacli i~dividua]  scimtist, allowillg the (:o)nbj])i]tio]]  into  a statistic.a)  cslimatc of tile CO] MC]lSUS  of cliffcrcllt
individual labelings of tl)c same  im:igc.32

Accountil)g  for subjective ul~ccrt,ainty  ill the Magcllan-Venus data set. has lNOVCVI quite iml)ortallt.  g’hc relative
])crforlnallc,c  of algorit]]lns  aud scicnt,ists call cl]al,~,c! [lc],cndiug 011 w}lct,lwr tlw lal,cls  arc treatccl  as al)solute  ,youucl
trot])  or )lot.51s2 }] C]ICC, modeling of suhjcctivc!  ullccltaillt,y  c:m ])c all iln])ol tallt colnl)onellt  ill colnbining  image
.allalysis and lcarlllll?, al~,orit,llmsl Particml ally wl~m dcalill~,  wit 11 low SNJ{  iljlap,cts.

.4.3  on]ine l,earning ancl Acla]}iatic)n

Almtllcr  asl)cct  of t)lc ilnagc  cx])loratioll  lmoMc]n  is t,liat, o]]{:  would ideally like to llavc all algorithm wllicll COUld

gradually im]nwvc  its Pcrfonoaucc  as it cxJdoros  a ])arljicular database. ‘J’llis LyIm of i7~crctncntal  ka.?’712?L(j  lias largely
been ig]lorccl  by rcscarcllcrs  in lcarl lillg al Id pat t cm rccogllit,iol) in favou) of t,}lc sillll)lcr al)l)~ oacl) of ‘{me-sllot” I)atcll
learning. 2’lIc particular tyl)c of Inodcl  ]cjwcsc]ltatim]  bci]lg I]scd critically i]lfluc]lccs Wllctllcr  tllc )noclel is easily
adal)tablc or ]~ot. 11’01 cxalnldc,  llcit}lm cliscril~lill;it,i~~(~ ]nodcls (SUCII a.s t,llc (lecisiolL trees used ill SK IC;Ali)  or l’(; A
fcat,urc gcllcratioll  It]ctllods (as used ill JAIu,001)  arc  well-suit{:d for ol]lil]c ada])t,atim. in each C:lSC,  to uj)datc  tllc
II) OCIC1 to illcludc  IICW d a t a ,  t]lc trailliILF, algoritl]l~l ]Illlst i}c ] II]) ill I):i(,cll  ]llodc 0]1 all of t]]c data w,liicll has l)CCI)
c.ollcctcd to that poitk,  Mcl Hory  and ])roLot,y])c-l  )ascd lIIOdC]S  (illcludillp, IMI  :iIIICtI  ic de~isjty IOOC]C]S,  lloI1-l)aI.al))c!Lric

dcllsity mitilnat,ow, luixt,ure  lnodcls,  IICatoSt,-IICi~ ]l]JC)lll  IIIO(ICIS, d,c. ) arc II IONL suited to ol)lillc! adal)tatiml llowc!vcr  ,
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t)llcy t,y])ic.ally suf~cr fro]n ]Joor  a])]~roxilllat,ioll  lJroImtic!s iu big]] tlilncnlsio]]s.30

Givcni a ]mrticula~  acla])tivc algorithln,  a unique feat UY(! of i~lla?,e aualysis  Ill ol)lc]ns is tllc fact that tllc bureau
visual systf. vn of tile dmnaill  cxImrt ofl’cm all cxccllc:k  olj~)ol tmlit  y fm sulmvised fecxll)ack  to improve adaptatioll.
‘1’his is iu markccl colhrast to otlmr dolnains,  such as tILC aualysis  of “flat” I(i(’dical  data f o r  maml)k, wllcnw  them

is ~)o i]]t,uitivc way for a domaiu  ex]mrt  to visuali~,c a]ld quickly waluatc llip,ll-dil  nmlsio]]al vcckors for the ~mr])osc
of labdillg tl]c]]]. 1 lence,  iu ])riuciplc, cmli]]c ima:,c Cxl )loratiou al go] itllllls  could O]xn atc by itcratiw interaction
with tl~c IIulual] user, scqucn(ially  sclcctiup,  cxa]n~)lcs  f[om tlic databa.w  for lalmlillg. Wllilc Sucl] a lgori thm bavc
signitlcal]t  ])otcntia]  fox cllall~illg tile way iu wbicl~ sc,iclltists illtcl act wit]l illiap,c databases, it is also clear that uutil
various fulldalnclital  I Cl)rcsclltational  issues arc soliwd (cf. lcarlli] I.g lnaI)])illf,s  f! mtl ])ixcls to Illcallingfui catcp,orics),
sucl]  ada])tivc  al~oritll[[ls  will rclnai]l bcyoJId

4 . 4  Modding  SImt,ial Context

Most,  l(zmlitlg  a l g o r i t h m s  im}iicitly  assulnc  that tllc t] ailli))~ (Iata collsis(s of illdc])clldcllt  ralldoln]y  CIIOSCIL
sa~n])lcs  froln tllc ]mpulatioll  of illtcrcst, e.g., a set of medical rccx)rcls for a llosl~ital. lIcl Icc, suc]l  algoritlllns  may not
lx directly suited  to tllc task of learning  frcnn i]uagc data wllmw tllmc  I)l:iy lx si~,llificallt i]ltcr-l)ixcl aud il~tcr-object
sl)atial  Corrclatio]l ]mcwut. ‘1’0 ILallcllc such ccmclatio)l  me call i[n])osc  sJJatial S]llootlluc++s constraints 011 bOtll t)ll~
labels  and tllc ])ixcl iutmlsitics  usiug, models  suc]l as hlarkov  1’illldoIll ficlcls (hlltl’’’s)]2828 a]]d otl]m,  more global,

I 24 111 ally of tl)osc al)}>] ~)acllcs t]lcrc is li{,t]c t,llcol y 0]1 ]ICN’ to rcconcilc in’ior kILOWIC&Cmodels of s])atial  co]ltcxt.  ‘
rc.gardiug S])atial colmtraillts  with onc)s choice of model lJaralnetcrs,  so that cmlsidcrablc  cx]wrilnmltation  aud tuning
is Of(ml IIcccssary fcm a F,iVC!Il aI)plic:ition.

4.5 Muhi-%lsor a n d  ])miwc]  M a p  ])ala

A c.oml)~oll feature ill remote-imaging a])plicat ions is tbc illlllnillatioll  of tflc salnc  target area ill different ways
(C.g., at ]Ilulti])lc  wavclmigtbs),  thus  obtail]illg  a vcctcw of iutcllsitjics at caclt ])ixel site ratl)c!r than just a sill.gle
iutm}sity. For exaln]ic, iu SK J~KJ’, tbc data was collected iu t]!] cc o~)tic.al CO1O1  1 )allds. IU tl]c Magcllall-Vems  data,
many  parts of tbc plallct were ilnagcd  frolu diffmwut,  allglcs and at cliflm c]lt 1 cscduticnls. III addition, low-resolution
alti~ncim  data was also lncasurcd.  This results  ii) s.cvcral differcmt data sets  lmi])g availaldc  for tbc same surface
rcgio~]s.  Silnilally,  afkr data l]as hen ac.quircd  aud archived, diflcrmd rewa~ cli groups  will tyl)ically  analyst the
clata aud Imoducx tl]cmatic mal)s and catalogs (citbm by ]I]alll lal or aut o]llat cd ]ncaus) for different quatltitics of
jllt,elcst  G*ZS ],sor ~xallll)]c,  irl the Magcllall-Vems  dat~lJa.W cat aloF,s have all c:idy LWCII ]mocluced  for large  vole.allic
structures and for tho location of mauy  of tlbe large  volcanic fields (but, )lot t}lc volcanoes within tbc fields).

}] C! IJCC, iu t]]c ,gcmm’a]  scmsc, cac]l ~)ixcl call ]Hivc  ii vector oi awociat  cd attri~ lutes,  wllctbcr  t]lcsc are data flOIll
another scvlsor, or clcrivcd qualitative c.atep)orics (SUCJ]  as a ]] la])). 111 ]witlc.i])lc, SUC1l additional data should bc
])articularly  useful fol cc)llll)lltcr-aiClccl  clctccti~n sillcc it is oftcll clifficult for a }mlnal!  user to visualize such multi-
dimcmio)lal  rclwcscMations.  IIowcvcr,  ccrtaiu  tccl)nical  dif[icul tics lnust  be mwrc.o]llc  for tllc additional data to bc
UsCfU).  ]“01 lllUlti-SCIISOl data, tbC CliffC!lCllt data SC!tS  lllUSt USU:llly  bC 7C@S~ Cl”(d SO t]ltLt th(! ~)iXCl lllC~~UrClllcllts  are
somcbow aligllccl to rcfcrcllcc  the same surface ])oiut this can km aII iln])rccisc ])] ocms. Siluilarly,  subjectively
dc!rivcd  tllcxnatic  lna])s lnay bc subject to various biases or syst cmatic  ml c)]s, 1 lcnicc, lnctlloclologim  for clctermining
tllc relative reliability of diffcrcnlt- sources of iuformatioll  are lli~,llly dcsiral  IIC, altllougl~ not  always available ill
Imacticc. At a ]nillilnu]n,  autcmatcd cataloging, systcoJIs  and tll,:matic  nia])]wls should I)rcwiclc a calibrated esti]nate

of tllc rc]iability  of tllc dcc.isio]l at cacll ~lixcl or rcgio]l of illtc] cst, (“s})  atial m ror bars”). Altl)ougll  ]Iot a feature  of
tllc first-gcmcration  SKI CKI’  or JAI{tool  systc]ns,  prol)al)ilisti( moclcls fol assessirig model reliability arc cu]r~l~tly
lmi]~p, ])ursucd.



5 SUMMAR.Y AND (] ONCI,US1ON
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Natural ol)jcct  detection and cllaractcri~,atioll  ill large dip,ital i]nagc lil)ral ics is a generic task w]licll ]JOSCS  Inally
cllallcnlgcs tc) Currwlt I)attcrli  Iccognition slid macliille  ICarlling  II)(:tllocls. ‘1’llis  ]m])(:r has I)ricfly toucllml on a IluInlmr

of rc]cvatit  issues in ]woblmns  of this natul c. g’llmc al c lnally,ot  her issues wllicll illll)ac.t tllc itltcgration  of lcarl]illg
and image analysis algoritllllls  wllicll wmc ]mt discussc(l lLCM dut: to space cmlstraillts,  il~cludillg t,llc usc of ])llysical
)~oisc modc]s f o r  radal ilnagil)g  ]WOCCSSCS  slid otllcr  wwvclc]lgt,l)s,  the illtcgratioll  c)f lnultil)lc  ilnagcs  o f  tllc salnc
surface area takml at”diffcrcmtl  tirnc:s,  and tl]c usc of llllllti-rcsol~ltioll and I)alallcl  algoritlll[ls  to s])c!cd  cc)][ll)tlt:ttic)li.

‘I’l Lc SK I~ArJ’ and .1 A]{tool  ]mojccts arc  tyI)ical  exall Iplcs  of t lic tylm of 1:11 p,c-scale itnagc database al)l)licatio!ls
whic]l will lmomc illcrcasillgly  c.o]nmo]l - for exam]  de! tl]c NASA Ral (11 (Jlmlvill~,  Systcll] Sylltlletic  A])crturc
ILadar (1’;OS  SA1{)  satellite will gmlcrate  011 tllc o] dm of .50 G] iytcs  of ] ml)otc sc]lsillp, data I)CI IIour wlLcn o]mra-
tiollal.35 II} order  for scicvltists to 1x2 al~lc to effectively utili7c t hcm extI c]nc]y  lal p,e all]oullts  of data, I.)asic digital
i]oagc ]ib]ary ] lavigy~tiol] tools will bc csscnltial.

Our cxistillg  J]’], lnwjcc(s  IIavc so far de)nonstratcx] that, efficient a~ld accul atc tools for Ilatural  ol.)jcct dctcctiol~
arc a realistic goal ]movidc!d  tllcrc is strong  ]mior k]lowlcdge  a]JOUt now ] lixcls call tm turl)cxl ilito fcatum and frolo
tllcrm to class categories. Wit]) tllc astronolny  lmol )lcm I there was sufflciwlt S( I o]lp,  k]lowlcdgc for tl)is to bc tllc case.
With tllc volcano  data, tl]c kl]owlcdgc is IIIUCII ICSS Imccisc  ad (onscqucvitly tltc dcsigll of cflcctivc  ol)jcct  dctcctiom
a n d  reCo&llitiOll too]s is COllsidCI’ab]y lllOX’(!  diffi(;l)lt.  ‘1’lIC  CO] III IIC)]l tllI”Cd W] OSS t]l(! V?L1’iOUS isSUC!S W’o(lld  al)])(!al

t o  bc tile ]moblmn  of  lIOW to combilm  botlI  ])rior lil]c,\\~l~clgc al]d  d a t a .  hlucll o f  tl]c ])rior kllowlcdgc of a dolnail~
scim]tist  is vague and ilil]nccisc  al)cl ca~)l]ot lm translated easily into ])ixcl-1c\x’1  constraints. IIcnvcv(!r, scicnltists find
it significantly  easier  to  provide attril~utes  to nlcasurc  011 a given mgiol] tllall  to s]mcify tllc Inctllod  tlicy Use to
classify tl]c rcgiol~. ‘J’llis  is all im])ortant  as])ecL that can be (xldoitcxl to solve significant  problcnm as was  done
with tllc SK1~KJ’ systmn. ‘Jihis apl)ears to I)c a .goocl solutio]l  to tllc qUCI y for]nulatioll ])rolJlmI~,  wllic]l would  bc a
major IIurd]c  stall  diu.g ill t,llc way of turl]illg  a la] gc ilnagc database ilho a dif;it al lib] ary: be it via data rcductiml
(as ill S1<l~KJ’  cataloging) or object detection and mcog~litioll as ill JAl{tool. ‘J’IIc latter a] )l)cars  to be an csscnitial
problmn to solve if tllf! goal of a realistic c]tlcry-l)y-cc)~lt,clltf type ca~)abi]ity is to t m acllicvcxl.

I)caling  with image data is uniclue]y al)propriatc  for interactive tools si~lcc ] csults  call iln]ncdiatcly  be visualimcl
at~cl judged by ins]  wction. ‘J’his makes obtaining,  feedback and training data fmn usm much easier. Si~lcc hulnalls
fine] it Particularly diflicu]t  to CXIMWSS how they lwrfm ]n visual dct cctioll and classification, using a “lcaming  from
exam]h”  Spl)roacll bccc)]nm ~)articularly  a~)prop)  iatc. ‘J’hc fact that tllc ill~af,c databascx  am Lwcomillg  illcrm.singly
commol) and Ulllnallagcab]y  ]ar’gc Inakes t]lc l)cc!d for the! tylw of al)ln’oac]lcs aovocatc!d  ill this ~)apcr pa) Licular’ly
pmssillg.

6 A CX:N OWLE1 )C4M J~NrJ’S
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results dcscril]crl  in this lla]m. ‘Jlc SKl~KJ’  work is a collaboration bctwcm, 11. Fayyarf  (Jl)l,)  and N. Weir, S. l)jorgovski
(Caltccl, ASLIOIIOIUy).  ‘J’l,c w o r k  o,, JAIW,O1 is a co!lal,oratio,,  bd,wccm U. Fayyad,  1’. SIIIyLII (J1’1,)  a,,d  M .  ]Iurl,  l’. l’croua
(Caltecll’s  I{;. It. l)c],artmcvlt). ‘J’he w o r k  clescI il)cd i], this ])a]mr was c a r r i e d  OUI il, ],al t by tllc Jd l’ro~,ulsio]l l,al,oratory,
Cal i fornia  lnstitutc  of ‘J’cchndogy,  uuder a couLIacL wit},  tl,c Natio],  al Ac,  o],aotics  aT,d S],acc  Ad,,~i,iisLratio],.

‘i’ 1 LfZ){’ItRRNC?lS

[1]

[2]

Y .  Al]]it,  U .  Grcllallcler, ancl M.  l’ic.ciolli, ‘ [ s t r u c t u r a l  ilnage  I mtoratioll  tl~roogll  dcfo] lnal)lc tcln])latcs,’] .1. Art~~~ic~rl
,%distiazf Association, 86(414),  pp.376  387,  JIIIIC 1991.
J. C. Aul)cle  anrl R. N. Slyuta, “S][lall do]nes on VcuIIs: cllaract(vislics  and cu i~,ills, “  ill l~flll}l, MO071  OILd ]’k71Cf  S, bo/~],

493532, 1990.



* ,.

[3]

[4]

[5]

[G]
[7]

[8]

[9]
[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21
[221
[23]

[24]

[25]
[26]
[27
[281
[29]
[30]

[31]

[32]

[33]
[34]
[35]

[36]

[37]

I’. C!. IIu I)cII, J. 1~’. IIaluiltoll,  G. K. SaIIdcrso]I  and A, 11. Si)]ilnol,\, “A l’rcc-l{w+lwl,sc  al,luoacl,  to LIIC I, Icaw IIeIucI,t al,rl
characteri~atic))l  of r~[]iOgla]  l]li  C- Ol)SCI \~C1 1)(,1  fOII1l;i IICC, ” ~. fl])pl.  }’tLC)tCI.  )jll~,, VOI.4, IIc).  4, J)p.l GG-171,  1978.
M. ~. IIurl, U. M. 1+’ayyad, 1’. l’crorIa, 1’. Sll]ytl,,  a~,(l M, 1’, l{uII, “Autc,lnatili~, LIIC hunt fol volcancws  ou VCIIUS,”  C~OmpI~Lc7
visio?~ and J’attcrn Rccog,,ition  6’or~jcrcItcc,  CV1’}t-9~, I,os Ala],litos,  CA:  II;l;l; (}c,]nl,utcl  Socie ty  1’ICSS, 1 , 1 , . 3 0 2 - 3 0 9 ,
1994.
hf. ~:. IIUI1, lJ.  M .  h’ayyad, 1’. S]nylh,  mid 1’ ,  I’m(m, “Autol[lat,  d al,alysis  of ]aclal it,,ap,ery of VC]IUS:  l,anclling lack of
gIOUIICl  t ru th ,”  l’rocccdings  oj ihc I};l;I; (~or~~crcncc OIL l!)~agc }’~<mssing:  IC;ll’-9,/,  Austin,  ‘l’X, to al)})c:ar,  1 9 9 4 .
]’. A. ]Iurrougl)l  ~’ri?Lciplcs  oj 6’cogtapl,ic l~IjoI  fT~atio?L Systc~ns jot ],and I{ CSOUTCC.$  Assr.$strLcnL, Oxfc,rd:  ~larcllcfcll,  1 9 8 6 .
1’. (;liccsclllall  et al., “llaycsiall  (;lassificatioll  ,“ }’rOC. Of t)lf?  7t/L ~at, ~;07,j. 01, AT /if(CZQ/  hdC/kJC?lCC AA A1-88,  ]]]), 6 0 7 - 6 1 1 ,
Sai],t  ]’aul,  MN, 1988.
M. S. C;}lcstc]s, ‘[llul]lall visual l,crcel,tioll and Iio(; II] Ctl)OdOlC)},y ill lucdical ir)~ar,il,g,” ]’hys. Med. ]{201., vol.37,  110.7,
pp,1433-1476, 1992.
A . M .  (:]0SS, ]nt. ~. ]{ C7,LO(C  Scnsi?lg,  !),  110.!),  ] 51 ~ ] 528,  1987.
A. 1’. l)awid  allcl A. M. Skclle, ‘(h4axi]11ulu likelihood ml ilaation  of ok,scrvel mIoT-) atc~ using LIIC 1(}M algorit}l]ll,”  Applied
.’$tatistics,  vol.28,  ])0.1,  ))},.20  28, 1979.
S. 1 )jorgovski,  N. Wcil,, .m}d LJ. M. P’ayya(l, “l’roccssi~,g and Aualysis  of tl,c I’alo][, m S’1’SCI l)ig,ital S k y  S u r v e y  Using

I  IIar]lcs,  aTid 1{ Jlarliscll  (cds.  ) ,  As(ro~lo~))ical l~ata AIJal-Ysis SOf[w,arca Novel Software ‘J’ccl IIioloRy”, ill 1). ~;ral)trcc,  .
and Systmt].s 111, A .S.1’. CoTL/.  Sm. iu lUCSS.
l)uda, lL.O and }Iart, 1’.1;. (1 973) I’aLfc17J  Class~ficafio!t a?~d Scc?{c Arialysis.  New YoIk:  JO1,II Wiley aud Sons.
U. M. Fayyacf a]ld K. 11. lralli, “’J’hc attrihutc  sclcc.tio}l l,robkm in clccisio)) tlcc ,c,ciiclatioll” l’roc. 0$ the ~blth Natiorla[
~~ottjcrc~wc ott Artificial l~,{clligc~tcr  AAA 1-!?2 (1,1,. 104-1 10). (;al,,briclp,c,  hlA: hll’J’ l’rcss,  1992.
U. Fayyad, N. Weir, aud S.G. l)jo]govski, ‘( SK1(;A’J’:  a lnac]liuc  ]carniug  systctll fo~ autm[latcd cataloging of Iargc scale
sky survey s.” l’roc. OJ ~htth ld. Conj. 07L Mac}i.i~~c  l,mming,  h4(mgan Kauflua],,  1993.
U. M. Fayyacl  aucf 1{. 11.  IIalli, “Multi-illtc]  val discrcti~atioll  of (o]lti~luo~ls-vall]{:[l atl[illutcs for clawificatiou  lcarlli]lg,”
]’roc.  oj the f3th  ~ntcmmtional  JoiT~t L’07tjc7cncc  071 Arijir-icd ]lLtC//igC7LCC  IJL’A 1-9.?.  (H,all,l,cry,  Frallcc:  h40rgall Kauflnau,
1993.
lJ.  M.  Fayyad, ‘(llrallc]liag  o]! attril)utc  viil[i~s ill dccisioll t r e e  gcr]cratioll,” 1’TOC. o j  the 7’klcljlh NatiolLa/  CoIljclclLcc 011
ArLijicial  l!dclligcncc  AAA 1-94, ],],. 601-G06,  Seattle, WA: AA AI/MI’J’  1’1[ss,  1994.
[J. M. Fayyacl, 1’. S]oytJI,  N. Weir, and S. l)jolgovski, ‘(Automated analysis w,d cxl~lo~atioll of IaIgc illlagc datal,ascs:
results, l~rogrcss,  aud cliallcngm,” .~OIH’rd  Of ~7L~C/kJC?Lf  ]?1fONfLfl(i071  &./$(  C’7lL.$,  4, ]-?{),  ill ~)rCSS,  ] !)~~.

S .  Gcmaa  and 1). Gclnall, ‘(Stochastic rclaxatioli, Gil.,bs distrihutiou,  and tl,c l{aycsial]  rcstoratio]l  o f  i m a g e s , ”  IEEE

Ylans.  }’att.  Anal.  Mach.  llLt., vol.6,  J,cJ.6, 721-741,  1984.
J. 1(;. Guest et al. ,  ~ourr~al  G’cophys.  I{cs.,  97, 1;10,  15949,  1992,
J. W. llcad ct al., `( Vcll~ls volcanic c.elltcrs al][ltllcir  cl,\rirolll]~cIltal  scttill~,s: reccntdataflolu Magcllali,”  }WS72  ,1).175,
Al],cricalI  C;co])llysical  lJ1,i[,Il Sl,ril,g llicctill:, al,stracts,  1991.
J. W.llcadet al., Journal  6’cophysica/ Rcs. ,97, 1;8, 13,153  -13,1! )7, 1992.
J.  Jarvis and  A.  ‘J’yso],, Astr. JOUIIL,  S6:41,  1981.
1).1’. Marldcandl). J. l’mquct, ‘( GcogIal, hical iuforlll;itioll syst(lns  and rc]uotescllsiug,, “  ill MalLual ojltcmotc Scnsi7Lg,
211dccl., lL. 14;. Colwcll (cd.), l’alls(;llurcll,  VA: Alncr.  Sot. }’l,ot(,grau~lnct ly, 1983.
M. 1. Miller, G. 1’;. ~hristclma,  and Y. All]it, “ A  ]natf,c]natica!  tcxtboo!i of dcfml,, able IIcuro-anatcnnics)’  sufmaittcd  to
Scicncc,  1993.
G. J. l’cttcngill  et al., “Magcllall:  radar l,clfonoallcc al)dploducts,”
S. Qucgal,,  ct al, 7}a~,s.  It, Sot. l,oILdoTL, A 324,  409-4?1,  1988.

Scic~Lcc,  V01.252)  260 265, 12 Almil 1 9 9 1 .

J .  IL. Quinlan, ‘[r]’hc illduc.tioll of dccisior] t]ccs.” 14acltiflc l,car,,(rLgvol.  1,1)0.  1 ,  1988.
1!. 1).1 LiI)lcy, Statistical  171jcrc7~cc  jor Spatia/P70ccsscs,  Cal,ll,ri[lgc  lJlliv(:] sityl’l css, ~al,ll)riclgc,  1988.
Scicncc.j special issue OT1 Magcllan  data, Al~ril  12, 1991.
1’. Smyth  aucl J .  Mcllstrolll, ‘(l)ctccli]lg  IIovc] c l a s s e s  with al)plicatio]ls  to fault diap,nosis, “  in l’roccedings  o f  t}Lc  Ni71tiL

~T~tery~atior~al ~o?~jcrc?~cc  or~Mac)~i~,c ~,cc,?lli,,g, h!orga,!  l{a~lfr,~a,LT, ]’~lb]is},crs:  I,os Altos,  ~A, l)l).416-  425,  1 9 9 2 .
1’ .  Smyth  ‘(l,carning  with lmobal,ilistic.  sul)crvision, “ in Computational I,  Ca17L21Lg  YYLcory  ad Natuval  I,carning  Systems 3,
‘I’. l’ctcslic, M. l{carlls, S. llalmon,  1{.. Rivcst  (cds. ), (kt)ul)ridgc,  M A :  Ml’J’ J’)cs<, in I)ICSS.
1’. SIT~yt}l,  LJ. 1,’ayyad, M. I;ur], 1’. llaldi,  1’. ]’cro])a, ‘( JlifcT1iug  g,ouud  t]uth f,ol,, subjcc(ivc  labclliIlgof radar i]uagcsof
V e n u s , ”  t o  a})pc:ar iu Adva?~ccs  i?t Neural  )?L~077/l(I(;07L  l’roccssitig 7, G. ‘J’csau~o, 1). ‘Jbulctzky,  J. Alspcctor  (cds.), I’alo
A l t o ,  C;A: Molgall  Kauflnan  l’ul}lislic]s,  t,oal,],car,  19~Ib.
M. ‘Jhrk  and A. l’cv,tlancl, “1’;igcllfaccs fm ICco.gllilioll.” J.  oJC;(,,qrliiivc Nc~flc,sci., ~{:71-86, 1991.
Valdcs (1982).  l~~st~~~~l~cT~totioT~ znAstToT,or/~~ IV, SI’l F;VOI.  331,  I]c). 4 6 5 .
J .  Way and It;. A. Slllith, “’J’hccvolutioI,  ofsylltl,etic  al)crt[lrc  ]aclarsystcl,lst  tl, cl t},cir  I,rogrcssic,r, t o  t,lIcltOS SAIL,”
]1’;1;1; ~}ans.  O!L Gcoscic?tcc  and]{ cmotc i~r~~sil~g,  VO1.29, 1 1 0 . 6 ,  1,],.962- 985,  1991.
N. Wcil, S. G. I)jorgovski,  lJ.  hl, l’ayyacl,  CL al., “Sl{l(;A’J’:A  sysL(mf(,  rtl, cscicl,tifi( al,alysis  oftllcl’alol,lar-S’1 ’Scll)igital
Sky Survey ,”  l’roc. ojAst~ono?~ly  jro~n l,a~ge datnbascs II, ],. 50!),  Nluliicl,, Gml,, auy: Eulol)call  Soutllclll  Observatory,
1992.
N. Wcil, ct al,, ‘((;atalogill~, tllcNo~tllc~l\ Sky LJ~;illg aNcv, C;cllc]atic)li c) fsc,fti~rtil <rlkcllllr~]c)g,y,“  ill 11. htac~;  illivray (cd.),
Astrc)],c,~,,+}l}oJ,] \Viclr-l'iclclJ ~,]agi,)g,l 'Ic,ccccli,,~,so ftl,cl AIJS~,,,l,.  #/161,1  )[,1cl,ccl,t:  I{l,l}tcl,i,il,rcss.


